This paper analyses the impact of micro cracks on photovoltaic (PV) module output power performance and energy production. Electroluminescence imaging technique was used to detect micro cracks affecting PV modules. The experiment was carried out on ten different PV modules installed at the University of Huddersfield, United Kingdom. The examined PV modules which contains micro cracks shows large loss in the output power comparing to the theoretical output power predictions, where the maximum power loss is equal to 80.73%. LabVIEW software was used to simulate the theoretical output power of the examined PV modules under real time long term data measurements.
There are a few statistical analysis tools that have been deployed in PV applications. The common used tool is the normal standard deviation limits (± 1 SD or ± 3 SD) technique [19] . However a statistical local distribution analysis in identifying the type of cracks in a PV modules has also been used [20] . In order to differentiate between a foreign object affecting the PV panel and micro crack, EL lab experimental setup was carried out for the investigation of PV micro crack affect. In practice, PV solar cells cannot be easily classified as cracked cells unless using some imaging techniques such as EL, thermal and fluorescence. The main contribution of this work is the development of an electroluminescence imaging system which can detects micro cracks in PV modules. Additionally, a comparison between the theoretical output power vs. the PV cracked output power was carried out on various PV modules under real time long term data measurement.
Electroluminescence Setup:
The electroluminescence system developed is presented in Fig. 1 . The system is comprised of a lighttight black-box where housed inside is a digital camera and a sample holder. The digital camera is equipped with a standard F-mount 18-55 mm lens. To allow for detection in the near infrared, the IR filter was removed and replaced with a full spectrum window of equal optical path length. In our setup a Nikon D40 was used, but in principle any digital camera with similar grade CCD or CMOS sensor and where the IR filter can be removed would serve the purpose. The bias was applied and the resultant current and the voltage are measured by a voltage and current sensors which are connected to the personal computer (PC).
Electroluminescence Imaging:
In order to reduce noise and increase the accuracy all the EL images are processed by removing background noise and erroneous pixels. Firstly a background image is taken under the same conditions as the EL images but without forward biasing the cell. This background image is subtracted from each EL image in order to reduce noise. The images are cropped to the appropriate size and in the case of the high resolution imaging system cell images are compiled together to form an image of the entire module. Additionally, to increase the accuracy and the vision of the EL image, each PV module cell is captured separately because the El image was captured using low cost camera. 
EL Image under Various Bias Levels:
To identify the bias voltage and the current on the PV module. Firstly, the PV module main electrical characteristics must be identified. In this paper SMT 60(P) PV module is used, the module main characteristics are shown in Table 1 . The PV cells of the examined PV module was biased at various levels. The voltage and current bias ranges from a forward current of about 10% of the module Isc to just over 110% Isc. Fig. 2 shows El image of a single PV cell at different bias levels. As can be noticed, at low current levels, the solar cell has mush lower intensity comparing to a high bias level. Additionally, the solar cell features become more prominent at higher bias levels which could potentially be related to the series resistance across the PV cells.
Examined PV Modules:
In this research, ten different PV modules have been examined under various environmental conditions. Fig. 3 shows the PV installation and the real time long term data logging system which contains LabVIEW software. The PV modules were installed at the cite 7 years ago. All PV modules have the same output characteristics as shown previously in Table 1 . In addition, all PV modules were affected by the same environmental conditions. Each PV module is connected separately though the PV software.
Where the load use across each PV module is equal to 3.74 Ω. The resistive load value was chosen according to the calculation of the maximum power point voltage and current as shown in (1).
RL = Vmpp / Impp
(1)
RL = 28.7 / 7.67 = 3.74 Ω
Before examining the cracks in the PV modules, a real time long term data measurements are taken to compare the output power performance of the PV modules vs. the theoretical predictions simulated using LabVIEW software. This test was made to investigate the degradation level of the power in each PV module separately. Therefore, it can be used as an indicator if there is a real damage (cracks) in the PV module or not before going to the next step (EL imaging technique). 
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This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication in an issue of the journal. To cite the paper please use the doi provided on the Digital Library page. The output power of each PV module under real time long term environmental conditions is shown in Fig. 4 . As can be noticed that PV modules 1, 2, 3, 5, 6, 8, 9 and 10 has almost the same output power during the test comparing to the theoretical output power which has been simulated using LabVIEW software. The value of the power has been simulated according to the value of the temperature and irradiance sensors which are available from Davis weather station placed next the PV system as shown in Fig. 3 . There is a slightly difference in the output power of the PV modules since there is no maximum power point tracking (MPPT) units used with each PV module separately.
Furthermore, the measured output power of PV4 and PV7 shows a large amount of reduction in the power comparing to the theoretical predictions. Fig. 5 demonstrates the measured data of PV4 and PV7 vs. the theoretical simulated power. The measured and theoretical output power presented in Fig. 4 and Fig. 5 are taken from averaging 60 samples, each sample is taken at 1 second interval. According to Table 2 , the efficiency of the PV4 and PV7 is equal to 85.43% and 80.73% respectively, where the efficiency is calculated using (2). The minimum calculated efficiency for all other tested PV modules is equal to 97.18%. These results indicates that there is a large reduction in the output power for PV4 and PV7. The calculated efficiency shown in Table 2 are taken from averaging the data samples of each PV module over one day period of time.
Efficiency (%) = (Pmeasured / PTheoretical) * 100 (2)
EL image for PV4 and PV7:
In order to evaluate the degradation of the PV panels associated to PV4 and PV7, EL images of cracks solar cells have been captured. Since the camera used in this work supports a low cost experimental design, it has been decided to take the EL image of the solar cells individually since it provides more resolution and focus on the PV cracks. 
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9 solar cells out of 60 have been affected by micro cracks in PV module 4. There is a large damage on the top left solar cell of the PV module, this big damage in the PV solar cell affects the total amount of current flows from the PV module. Therefore, as illustrated previously in Table 2 , the output efficiency of the PV module is equal to 85.43%. The degradation in the PV output power might get worst if the PV module kept effected by various environmental conditions such as change in the humidity, wind speed, temperature variations and PV partial shading conditions. PV module 7 contains only 8 solar cells out of 60 which are effected by micro cracks. These micro cracks reduces the amount of power generated by the PV module up to 19.27%. This reduction of the PV output power could be enhanced by replacing the cracked PV solar cells or adding a bypass diode in parallel with the solar cells PV string. On the whole, this section shows that the degradation of the PV output power of the PV modules could be examined using a simple/reliable EL imaging technique to examine the PV solar cells which are effected by micro cracks. 
Discussion and Conclusion:
This paper analyzes the impact of micro cracks on the performance of photovoltaic (PV) modules. Electroluminescence (EL) technique was used to examine the micro cracks in the PV modules. The main contribution of this paper is the examination of ten different PV modules under real time long term environmental conditions and the impact of micro cracks on the overall output power performance of each PV module separately. The results obtained by this research shows that two tested PV modules have large reduction in the output power due to the impact of micro cracks affecting various solar cells. The minimum and maximum calculated output power efficiency of the PV modules is equal to 80.73% and 99.97% respectively. The efficiency of the PV module is not directly related to the number of micro cracks affecting the PV panel, some micro cracks have a remarkable degradation on the measured output power due to the crack size, location and the PV age of operation. As an example, the examined PV7 has lower output power efficiency comparing to PV4, however, the number of PV solar cells which are affected by micro cracks is less than PV4. PV micro cracks could be avoided or reduced by taken into account a risk assessment before the shipment of the PV modules into the site. In addition, arranging a regular visit to the PV filed to check dust, wires, converters, and micro-inverters could be beneficial to avoid PV micro cracks. Finally, there are few environmental conditions which are hard to be avoided such as the humidity and temperature variations among the PV modules which result a PV micro cracks. 
